ABSTRACT. A transient depolarization was recorded in response to the cooling of a deciliated Paramecium. The amplitude of the depolarization was almost proportional to the cooling rate. Therefore, the cells are sensitive to the rate of temperature change. The input resistance of the membrane transiently increased during the cooling. Whenconstant current was applied to shift the resting membranepotential to a negative or positive level, the initial depolarization in response to cooling decreased, and the following hyperpolarization during cooling reversed to a gradual depolarization during a positive shift. The potential at which the reversal occurred was independent of K+ concentration and was slightly dependent on Ca2+ concentration (10 mV/log[Ca2+]o). The amplitude of the initial depolarization decreased with the increase in K+ and was not affected by Ca2+. These results are discussed in terms of changes in membraneconductances in response to cooling.
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In multicellular organisms, there are specialized thermosensory receptors (4), which are further specified as warm-and cold-receptors. In unicellular organisms, it is known that the ciliated protozoa, Paramecium, has both warm and cold receptors (2, 5, 9) . Intracellular recordings from Parameciumhave shownthat either warmor cold stimuli induce membrane depolarization (3, 13) . The study of cell fragments revealed that the cold receptors are localized at the anterior of the cell, while warm receptors are distributed throughout the rest of the cell (8) . The depolarization in response to warmingis induced by an increase in membraneconductance for Ca2+ and the depolarization in response to cooling is induced by a decrease in the conductance for K+ (8) .
Somebasic properties of the cell during depolarization prompted by thermal stimuli are uncertain, e.g. whether the cells detect thermal stimuli as a successive change of temperature or as a rate of temperature change, and whether the membrane resistance of the whole cell transiently decreases or increases during the depolarization. In order to investigate these properties, we used a deciliated cell to take measurements in the absence of an action potential (1, ll) and recorded the potential response upon cooling.
MATERIALS AND METHODS

Cells. Paramecium multimicronucleatum was cultured in
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a hay infusion inoculated with Klebsiella pneumoniae. The culture temperature was kept constant at 25°C by incubation in a water bath. Parameciumcells at the stationary phase were collected by low-speed centrifugation and suspended in a solution containing 0.25 mMCaCl2, 0.5 mMMgCl2, 2 mMKC1 and 2mMTris-HCl (pH7.2). This solution was used as a standard solution in all experiments. For experiments investigating ionic dependence, the potassium or calcium concentrations of the standard solution were varied. Deciliation. The cells were deciliated by incubation in a standard solution containing 5% ethanol for about 2 min and then returned to the standard solution whosetemperature was kept at 25°C (10) .
Intracellular recording. Methods of intracellular recording were similar to those described previously (8) except that the electrodes were rilled with 0.1 MKC1and their resistances were 100-150MQ. The cells were placed in a glass vessel mountedon an inverted microscope. The temperature was varied by switching the water flow beneath the vessel, and was monitored with a thermistor probe placed near the specimen in the vessel. The time constant of the thermistor was approximately 0.5 sec.
The membraneresponse due to cooling was studied using a current clamp. The membranepotential was set at various levels by application of a constant current in the order of 10~10 A. One or two minutes after the potential had been set, and when it had become relatively stable, cooling was started.
RESULTS
Depolarization in response to cooling. When the temperature started to drop from 25°C, the membrane rapidly depolarized and attained a peak value after about 5-10 s (Fig. 1A) . When the amplitude of the depolarization was maximum, the extent of the temperature drop was small, and the temperature fell continuously.
During further decrease in temperature, the depolarization gradually recovered. When the temperature was raised 1 min after cooling commenced,the potential quickly recovered to the precooling level.
The depolarization was elicited by a slow rate of cooling, e.g. -l°C/min, and its amplitude increased with an increase in the cooling rate (Fig. IB) . The amplitude was almost proportional to the cooling rate up to about -10°C/min. Beyond this rate, the rate of increase in the amplitude gradually declined.
Membraneresistance. Membrane resistances were measured during cooling from 25°C to 20°C by successive current pulse applications ( Fig. 2A ). Upon cooling, membraneresistance increased rapidly and attained to a maximum value after about 10 sec whenthe amplitude of depolarization also reached its peak value ( T. Inoue and Y. Nakaoka began 1 min after the start of cooling; as a result, the resistance rapidly recovered its original value. Next, the temperature was varied gradually so as to elicit no potential response to temperature change, and the input resistances of the cell membranewere measured at various temperatures between 10°C and 30°C. The resting potential was constant during the measurements, which agrees with a previous report (6) . The membraneresistance increased linearly with a decrease in temperature (Fig. 3) . The increase in membraneresistance corresponds to a temperature coefficient (Q10) of about 0.6. Comparing these resistances between 20°C
and 25°C to those upon rapid cooling (Fig. 2B ), the membrane resistance shows a transient increase upon rapid cooling, and a transient decrease upon rewarming from 20°C.
Voltage dependence of the potential response. To elucidate the ionic process of the depolarization in response to cooling, the membrane potential was set at various levels by application of a constant current, then cooling of the Paramecium from 25°C was started ( Weinitially presumed the polarity of the potential response to be reversed at certain potential that showed no potential response, similar to previous findings with Paramecium cell fragments (8) . In this study of the whole cell, however, either negative or positive shifts in potential decreased the initial depolarization and accentuated the subsequent potential change. We noticed a potential change between 0.5 and 1 min after the start of cooling, which may be due to the fact that the potential response comprises fast and slow changes in membrane conductances. This assumption will be discussed later. In the case of Fig. 4 , the potential response at a positive shift of 20 mVshowed an almost constant potential between 0.5 and 1 min after the start of cooling. A further positive shift reversed the gradient of potential change. Weadopted this level as the reversal potential of the slow change in membraneconductance. The potential responses upon cooling were recorded at various concentrations ofK+ and Ca2+ (Fig. 5) . With an increase in the concentration of K+, the resting membrane depolarized, but had little effect on the reversal potential (Fig. 5A ). An increase in the concentration of T. Inoue and Y. Nakaoka
Ca2+ caused the reversal potential to rise in parallel with the resting potential (Fig. 5B) . The reversal potential exhibited a slope of 10 mVfor a ten fold change in Ca2+. As the Nernst-type slope is 60mVfor K+, and 30 mVfor Ca2+, these results suggest that the potential response between 0.5 and 1 min after the start of cooling is independent of the membrane conductance for K+ and is dependent on the membraneconductance which is partially permeable to Ca2+. Amplitude of the potential response. In the above experiments, the amplitudes of the initial depolarizations elicited at resting potentials were measured at various concentrations of K+ and Ca2+. The amplitude decreased with an increase in K+concentration (Fig.   5A ), but was not affected by an increase in Ca2+ concentration (Fig. 5B) .
DISCUSSION
The present results show that cooling Paramecium induces a rapid depolarization of the membrane,followed by a gradual hyperpolarization. Amplitudes of the in- itial depolarization are almost proportional to the rate of cooling (Fig. 1) , that is, the cells respond to the rate of temperature change, dT/dt, with a negative coefficient. Such a response corresponds to cold receptors in higher organisms (3) whose responses are measured by counting spikes evoked in afferent fibers. In the swimming behavior of Paramecium, the response to cooling as *-20L measured by an increase in the frequency of directional changes has been related to the rate of temperature change (9) . The present results confirm this relation in the potential response of a cell membrane. It has been revealed that membrane depolarization triggers the opening of Ca-channels located on the ciliary membrane (1, ll) , which causes the reversed orientation of ciliary beating (7) . Therefore, the membrane depolarization in response to cooling is related to the directional changes in swimmingas a response to cooling. Uponcooling, the potential response of deciliated cells shows two phases during its time course; the initial depolarization and the following hyperpolarization. Such behavior is remarkable when the potential response is recorded at a negative potential below the resting one (Fig. 4) , and hyperpolarization during cooling proceeds to a negative level below that before cooling. The potential response upon cooling is thought to be composedof changes in two types of membraneconductances whose potential changes have opposite polarity.
The initial depolarization accompanies a transient increase in membraneresistance (Fig. 2) . As the membrane conductance of Paramecium is considered to consist mostly of a K+ conductance (7), the transient change in membrane resistance can be interpreted as a transient decrease in membraneconductance for K+.
Thus, the amplitude of depolarization in response to cooling is expected to be decreased by setting the membrane potential at a negative level below the resting potential, because the equilibrium potential for K+ is at more negative than -60 mV (12) . Actually, the initial depolarization becomessmaller with a negative shift of the membrane potential (Fig. 4) , which is consistent with previous results (8) . In the present experiment, however, the initial depolarization is also decreased by a positive shift of the potential (Fig. 4) , which is inconsistent with the above consideration. The effect of a positive shift may be caused by a voltage-sensitive increase or decrease in the conductance responding to cooling, although this must be studied further. Another result in the present study, i.e. the amplitude of initial depolarization upon cooling decreases with the increase in K+ concentration (Fig. 5A) , also supports the fast change in the membraneconductance for K+argument, because the increase in external K+decreases the motivating force for K+ across the cell membrane.
Concerning the hyperpolarization following the initial depolarization, the reversal potential obtained from the potential response between 0.5 and 1 min after the cooling is found to be positive above the resting level, and is slightly dependent on Ca2+, but is independent of K+ (Fig. 5) . Therefore, the hyperpolarization is caused by the membraneconductance which is partially permeable to Ca2+. As this conductance has its reversal potential at a positive level above the resting one and the polarity of the potential change during cooling is negative at the resting potential, this conductance decreases in response to cooling.
In conclusion, the potential response upon cooling is caused by both a fast decrease in the membrane conductance for K+ and a slow decrease in the conductance which is partially permeable for Ca2+. The extent of the decrease is dependent on the rate of cooling, but how the cooling causes the transient decreases in the membrane conductances remains to be determined.
